concluded that no magnetic remanence existed in the uppermost mantle and that even if present, such sources would be at temperatures too high to contribute to long wavelength magnetic anomalies (LWMA). However, new collections of unaltered mantle xenoliths indicate that the uppermost mantle could contain ferromagnetic minerals. 1. The analysis of some LWMA over cratons and forearcs suggest magnetic sources in the uppermost mantle. 2. The most common ferromagnetic phase in the uppermost mantle is stoichiometric magnetite. Assuming a 30 km-thick crust, and crustal and mantle geotherms of 15°C/km and 5°C/km, respectively, the 600°C Curie temperature implies a 30 km-thick layer of mantle. 3. The uppermost mantle is cooler than 600°C in Archean and Proterozoic shields (N350°C), subduction zones (N300°C) and old oceanic basins (N 250°C). 4. Recently investigated sets of unaltered mantle xenoliths contain pure magnetite inclusions in olivine and pyroxene formed in equilibrium with the host silicate. 5. The ascent of mantle xenoliths occurs in less than a day. Diffusion rates in olivine suggest that the growth of magnetite possible within this time frame cannot account for the size and distribution of magnetite particles in our samples. 6. Demagnetization of natural remanent magnetization (NRM) of unaltered mantle xenoliths unambiguously indicates only a single component acquired upon cooling at the Earth's surface. This is most easily explained as a thermoremanent magnetization acquired by pre-existing ferromagnetic minerals as xenoliths cool rapidly at the Earth's surface from magmatic temperatures, acquired during ascent. 7. Modern experimental data suggest that the wüstite-magnetite oxygen buffer and the fayalite-magnetite-quartz oxygen buffer extend several tens of km within the uppermost mantle. 8. The magnetic properties of mantle xenoliths vary consistently across tectonic settings. In conclusion, the model of a uniformly non-magnetic mantle should be revisited.
Introduction
A common assumption underlying the inversion of long wavelength magnetic anomalies (LWMA) is that the mantle does not contribute (Warner and Wasilewski, 1995; Wasilewski, 1987; Wasilewski and Mayhew, 1992; Wasilewski et al., 1979) . Here, we challenge this view for eight major reasons and explain why this paradigm may not apply globally. Of the 400 xenoliths measured by Wasilewski and coworkers, magnetic remanence is available for 131 specimens only. This Wasilewski collection includes garnet peridotites and eclogites, i.e., mantle rocks that would not be cold enough to carry a magnetic remanence at mantle depths. Thirty percent of the Wasilewski collection consists of volumetrically minor components of the lithospheric mantle such as wehrlites. Among the remaining samples, thirty percent display macroscopically visible alteration (e.g., #110597; Wasilewski et al., 1979) and approximately twenty percent show contamination by host basalt (e.g., #ANT50; Warner and Wasilewski, 1995) . Of the 26 remaining unaltered and uncontaminated samples, surprisingly little rock magnetic data is reported. Saturation magnetization (M s ) was reported for 22 samples, while magnetic susceptibility (K) was reported for only 11 samples. This small dataset shows a large variability (M s ranges over 3 orders of magnitude, and K by a factor of~40. The existing dataset is also overrepresented by xenoliths from Western USA (~40%). Some of the specimens show microstructural evidence of incipient partial melting at olivine-chromite grain boundaries (Warner and Wasilewski, 1995) . Finally, the depth and temperature of equilibration associated with each xenolith remain unknown. Wasilewski et al. concluded that 1) magnetite constitutes the main magnetic remanence carrier, although a few xenoliths host pyrrhotite and/or native iron and 2) the lithospheric mantle is too weakly magnetic and too hot to contribute to magnetic anomalies.
Reason 1. Mantle contribution to LWMA deduced from satellite data
The origin of LWMA has long been debated (e.g., Dunlop et al., 2010; McEnroe and Brown, 2000; Shive, 1989) . For some (e.g., Shive, 1989; Williams et al., 1985) , and the magnetizations measured in lower crust rocks are too weak to account for the observed magnetic anomalies. This "missing magnetization" stimulated a quest for strongly magnetized lower crust rocks. For others, there is no missing magnetization when magnetizations measured from rocks are properly reconciled with magnetization computed from magnetic anomalies (e.g., Ravat, 2012) .
We propose an alternative hypothesis that additional magnetization could, in some regions, reside in the lithospheric mantle. If this is true, then deep crustal rocks do not need to be as strongly magnetized as previously thought and the Moho should not be considered an absolute magnetic boundary. Up to now this idea has been rejected based on the conclusions of Wasilewski et al. (1979) and Wasilewski and Mayhew (1992) that mantle rocks are too weakly magnetic and too hot to contribute to LWMA. This view, however, is increasingly at odds with a growing number of studies suggesting that the source of some LWMA lies in the lithospheric mantle ( Fig. 1 ): for example, in oceanic basins such as the Ligurian Sea (Chiozzi et al., 2005) , the Caribbean Sea (Arnaiz-Rodriguez and Orihuela, 2013; Counil et al., 1989; Guevara et al., 2013) , in the forearc mantle such as the Cascadia arc (Blakely et al., 2005; Bostock et al., 2002) and other oceanic regions (Arkani-Hamed, 1993; Arkani-Hamed and Strangway, 1986, 1987; Bronner et al., 2011; Dyment et al., 1997; Harrison and Carle, 1981; Popov et al., 2011; Ravat et al., 2011) . In several cold geotherm areas, such as the Amsaga belt in the West Africa Craton or the Bangui region in the Central Africa Craton, magnetization may extend into the lithospheric mantle Maus, 2005a, 2005b; Kochemasov and Chuprov, 1990) . Overall, mantle contributions to magnetic anomalies, at least in some regions, are acknowledged to be likely (e.g., Purucker and Clark, 2011; Thébault et al., 2010) . In addition, the European Space Agency plans to launch in November 2013 the Swarm constellation of three satellites with the objective of resolving the lithospheric magnetic field with an unprecedented accuracy (Maus et al., 2006) . This mission will bridge the spectral gap between satellite and airborne/marine magnetic surveys, making this proposal highly relevant to understanding the magnetic contribution of the lithospheric mantle to the overall magnetic signature observed from orbit.
Reason 2. Magnetic minerals in upper mantle rocks
The upper mantle consists mainly of lherzolites, harzburgites and dunites, and accessorily of pyroxenites, wehrlites and eclogites (e.g., Jackson, 1998) .In continental areas, the lithospheric mantle (consisting of plagioclase-and spinel-peridotites) is below the Curie temperature (T c ) 1 and can contribute to magnetic anomalies, whereas garnet-lherzolites, present at greater depths, are too hot to carry a magnetic remanence. Mantle peridotites are found at the Earth's surface either as ophiolite (e.g., Nicolas, 1986) , as Alpine-type peridotites (e.g., Liou et al., 2007) , or as xenoliths (e.g., Nixon, 1987) . Exposed mantle rocks alter through serpentinization, a process that forms abundant magnetite (e.g., Alt and Shanks, 2003; Borradaile and Lagroix, 2001; Frost et al., 2013; Toft et al., 1990) . Even weakly altered massifs are serpentinized (Christensen, 1971; Ferré et al., 2005; Le Roux et al., 2007) . Mantle xenoliths, due to their rapid ascent, provide the most pristine samples of the lithospheric mantle (Carlson, 2007; Haggerty and Sautter, 1990; Nixon, 1987) . Inclusions of iron-rich phases, such as magnetite and ilmenite, may form in olivine and pyroxene at mantle conditions (e.g., Sen and Jones, 1988) , during xenolith ascent, or by a combination of crack healing and metasomatism (Drury and van Roermund, 1989; Hervig, 1989; Neal et al., 2001) . Also, xenoliths may be contaminated by the host magma during ascent by grain boundary Fig. 1 . The analysis of magnetic anomalies suggests the presence of magnetic sources in the upper mantle over both continental and oceanic areas such as: A. The Bangui anomaly in the Central African Craton (Kochemasov and Chuprov, 1990; Ouabego et al., 2013) and the Amsaga anomaly in the West African craton Maus, 2005a, 2005b) ; B. The Cascadia subduction zone (Blakely et al., 2005) ; and C. Domains of serpentinized oceanic lithosphere (Dyment et al., 1997) . 1 The temperature above which ferromagnetic minerals lose their magnetic ordering and become paramagnetic.
percolation. Finally, supergene alteration can form hematite or serpentine along grain boundaries. If care is taken when selecting samples, many of these secondary effects can be avoided. Thus, if mantle xenoliths can be shown to be relatively unaffected by these processes, they represent the best available samples to examine upper mantle magnetic mineralogy. It is critical to this study to discern primary mineral assemblages formed in equilibrium at mantle depth from secondary assemblages formed during ascent, emplacement and subsequent alteration. We examine mantle xenoliths from the serpentinized cratonic mantle (Facer et al., 2009) and from the forearc mantle (Kamchatka samples).
Magnetic anomalies arise from variations in induced and remanent magnetizations held by adjacent rocks. The induced magnetization of a rock is the sum of the magnetizations of its minerals. The induced magnetization of a mineral is proportional to the mineral's magnetic susceptibility (K) and to the applied field. Table 1 summarizes the magnetic susceptibility at 300 K (K 300 K ) and saturation magnetization (M s ) of common mantle minerals. Silicate minerals, such as olivine, pyroxene and garnet, are abundant in the upper mantle, however the remanent magnetization of a peridotite arises from minor phases such as Feoxides, FeNi-alloys and some Fe-sulfides that show ferromagnetic behavior. Ferromagnetic minerals carry a spontaneous magnetization below T c , and even when present at the trace concentrations, these phases have profound effects on a rock's magnetization. The presence and concentration of ferromagnetic minerals in mantle rocks are at present relatively unknown.
Several magnetic minerals may influence the magnetization of the upper mantle. Cr-spinels are common in upper mantle peridotites (e.g., Haggerty, 1995; Irvine, 1965 Irvine, , 1967 . Chromite, often cited as a remanent phase, often owes its magnetization to magnetite inclusions (e.g., Kądziałko-Hofmokl et al., 2008; Rais et al., 1997 Rais et al., , 2003 Thompson and Robinson, 1975) . In fact, pure chromite is paramagnetic above 70 K (Derbyshire and Yearian, 1958; Gattacceca et al., 2011) . Cr-spinel is ferrimagnetic only if Al + Mg b 0.2 and Fe N 0.3 (Yu and Tikoff, 2010; Ziemniak and Castelli, 2003) , compositions that are uncommon in mantle peridotites. Also, ferrimagnetic Cr-spinels show a lower Curie temperature than that of magnetite, further reducing their potential contribution to remanent magnetization of mantle rocks. Our preliminary results (Section 4) show that, even in the Montferrier specimens that host 600 ppm of sulfur (Alard et al., 2011) , the contribution of pyrrhotite and monosulfide solid solution to magnetic remanence is always negligible compared to that of magnetite. In addition, the low T c (593 K) and low concentration of pyrrhotite prevents it from being a major contributor to magnetic remanence. FeNi alloys, such as awaruite, are stable only in very reduced conditions, FMQ −6 or −7, typically in serpentinized ultramafic rocks (Frost, 1985) . The potential contribution of these alloys to magnetic remanence, despite their high T c , ought to be negligible because these phases are rare and occur only in trace amounts. Our preliminary results further suggest that magnetite occurs systematically, albeit in variable amounts, and dominates the remanent magnetization of mantle xenoliths.
Pure (stoichiometric) magnetite has been reported in mantle xenoliths in several studies (e.g., Callahan, 2009; Ferré et al., 2013; Warner and Wasilewski, 1995; Wasilewski and Mayhew, 1992; Wasilewski et al., 1979) . The origin of this magnetite (Fig. 2) is crucial to the evaluation of the magnetic properties of the lithospheric mantle, as it has to be demonstrated that it formed under mantle conditions. In general, Cr-rich spinel occurs as a primary phase in mantle peridotites formed at mantle depths (e.g., Ballhaus et al., 1991; Barnes, 2001; Ionov, 2010; Ionov et al., 2010) . As the Cr content of spinel increases, it is stabilized at increasing depths in the mantle and coexists with garnet (MacGregor, 1970 (MacGregor, , 1974 Neal and Nixon, 1985) . In contrast, magnetite generally forms as a secondary phase (Hwang et al., 2008; Janecky and Seyfried, 1986; Nazarova, 1994; Toft et al., 1990; Zhang et al., (Dekkers, 1988) . ⁎⁎⁎ Monoclinic pyrrohotite has a Curie temperature less than 623 K & hexagonal pyrrhotite is thermally unstable with a lambda transition centered at 523 K. All ferrimagnetic pyrrhotite compositions become metastable above ≈ 523 K, therefore the Fe(1 − x)S phases should all be non magnetic at mantle temperatures. 1999) resulting from interaction with oxidizing fluids or melts through one or more magnetization processes (Section 7).
Reason 3. Temperature of the uppermost mantle in cold geotherm regions
Temperature distribution in the lithosphere (Fig. 3) can be evaluated by i) the pressure-temperature of equilibration of mantle xenolith suites (e.g., Goncharov et al., 2012) ; ii) surface heat flow measurements, iii) magnetization contrasts inferred from satellite magnetic data (e.g., Manea et al., 2012) , and iv) spectral magnetic depth determination of near-surface magnetic data. The xenolith-based approach, however does not inform about it on the current geotherm present in the region of origin of the xenoliths (e.g., Kobussen et al., 2008) . The other approaches, combined with seismic data, have yielded realistic models for the thermal state of oceanic and continental lithospheres (e.g., Abercrombie and Ekström, 2001; McKenzie et al., 2005) . Clearly, parts of the lithospheric mantle can be cooler than the pressure-corrected Curie temperature of magnetite (b 600 ºC), for example, in cratonic interiors (e.g.; Batumike et al., 2009; Blackwell et al., 2011; Goncharov et al., 2012; Griffin et al., 2011; Jones et al., 2003) , subduction zones (e.g., Bostock et al., 2002; Ernst, 1988; Liou, 1999; Tsujimori et al., 2006) , and old oceanic lithosphere (e.g., Ildefonse, 2010) . The geothermal gradient in the continental crust varies greatly with the age of the crust while the geothermal gradient in the upper mantle is less variable.
Reason 4. Magnetic properties of fresh mantle xenoliths
All xenolith specimens produce major hysteresis loops demonstrating the presence of at least one ferromagnetic sensu lato phase (Ferré et al., 2013; Friedman, 2011) . This ferromagnetic contribution varies between 1 and 70% of the bulk magnetic susceptibility with an average of 21% (Ferré et al., 2013; Supplementary Data) .
Some minerals, occasionally reported as carrying magnetic remanence, actually do not. For example, Cr-rich spinel behaves ferromagnetically only within a specific compositional range (Schmidbauer, 1983) , and in these mantle xenoliths, previous petrological studies have shown that the iron content of Cr-rich spinel is too low to carry a magnetic remanence. Iron-nickel sulfides, such as pentlandite, cannot contribute to remanence because they are paramagnetic at (Ferré et al., 2013) . A. The rock is free of post-eruptive alteration along grain boundaries. Olivine (Ol) grains host 200 nm × 500 nm, needle-shaped magnetite (Mag) inclusions adjacent to orthopyroxene (En) lamellae. B. Elongate magnetite inclusions display a lattice-controlled orientation within olivine. C. Magnetite platelets or needles 10 to 20 μm in length occur within primary olivine. and above room temperature (Knop et al., 1976) . The lack of a pyrrhotite transition around 30-34 K (Rochette et al., 1990) in lowtemperature (LT) magnetic experiments, even in the Massif Central specimens, which have the highest sulfur content in mantle peridotites (≈600 ppm; Alard et al., 2011) , shows that the contribution of pyrrhotite to remanence is negligible. Finally, we find no evidence for Fe-Ni alloys using either electron microscopy or rock magnetic measurements.
Pure magnetite is the ferromagnetic mineral most commonly observed in mantle xenoliths. In measurements of room temperature saturation isothermal remanent magnetization (RT-SIRM) on cooling from 300 K to 10 K, xenoliths from Hawai'i, Massif Central, Kamchatka and Siberia showed δM/δT maxima at 120-125 K (Ferré et al., 2013) , which corresponds to the Verwey transition of pure magnetite (e.g., Walz, 2002) . This data, along with the electron microscopy results and alternating field demagnetization spectra of NRM (Supplementary Data), indicate that magnetite constitutes the dominant NRM carrier. The xenoliths' hysteresis properties (Ferré et al., 2013) are consistent with pseudo-single domain (PSD) to single domain (SD) grain sizes for this magnetite. Two samples from the Siberian craton (U503 and U504) also displayed clear pyrrhotite transitions around 30-34 K in the low temperature cycling experiments. The magnetic properties of mantle xenoliths from the United States interior are described in Friedman et al. (2014-this issue) . Thus, although magnetite may be the most frequently observed ferromagnetic mineral in mantle xenoliths, pyrrhotite may also occur on a less frequent basis. However, its comparatively low Curie temperature of 320°C makes it unlikely that pyrrhotite can contribute to either an induced or remanent magnetization in the lithospheric mantle.
Reason 5. Ascent of mantle xenoliths and implications for magnetic assemblages
In mantle peridotites, magnetite is commonly thought to form as a secondary phase through serpentinization at various depths: in the mantle (e.g., Facer et al., 2009) , at intermediate depths (e.g., Deschamps et al., 2010) , or near the surface (e.g., Malvoisin et al., 2012; Toft et al., 1990) . However, in this study we argue that magnetite can form via diffusive exsolution at mantle depths within both olivine and pyroxene, or along primary silicate grain boundaries (Figs. 2; 5). Our strongest evidence for such a claim are magnetite inclusions exsolved in olivine (and frequently associated with orthopyroxene) in xenoliths from Kamchatka. These inclusions are similar to those described by Markl et al. (2001) , who proposed a formational mechanism associated with a late stage rise in fO 2 conditions. Indeed, spinel grains in the Kamchatka xenoliths show an increase in Fe 3+ from core to rim, consistent with an increase in fO 2 due to exposure to late-stage, subduction-related fluids (Goncharov et al., 2012; Ionov, 2010) . Such oxidizing fluids can be present at mantle depths and may explain the magnetite observed in the other xenolith suites. In the Hawai'i xenoliths, a portion of the magnetite grains are spatially associated with amphibole lamellae, in striking similarity with the inclusions described in gabbroic olivines altered at high temperature by oceanic hydrous fluids (Puga et al., 1999) . Similarly, in the Massif Central xenoliths, the amphibole lamellae exsolved along crystallographic planes within the host diopside suggests the availability of H 2 O during exsolution. Our sample selection criteria exclude almost all cases of xenolith serpentinization, but when rare serpentine veins were observed, they do not host magnetite or metal alloys, but only non-ferromagnetic nickel sulfides. The magnetite exsolution observed in this study is thought to occur during oxidation, at temperatures higher than 600°C, and has been previously studied in pyroxene (e.g., Fleet et al., 1980; Schlinger and Veblen, 1989) and in olivine (Franz and Wirth, 2000; Kohlstedt et al., 1976; Markl et al., 2001; Putnis, 1979) . In olivine, these exsolved grains tend to display both needle-like and dendritic morphologies and display high coercivities (Brewster and O'Reilly, 1988) . In mantle xenoliths from a seamount, Franz and Wirth (2000) attributed the olivine oxidation event responsible for magnetite exsolution to a 700-800°C metasomatic fluid. The exsolved magnetite observed in this study occurs within primary silicates, away from serpentine veins, and is (Table 2) . Our numerical models show that magnetite should not grow to sizes as large as those observed in the samples within this time frame.
consistent with formation at mantle depths or during the initial stages of ascent.
External oxidation of olivine proceeds by diffusion of Fe to grain surfaces or high-energy sites such as subgrain boundaries or dislocations, with the O and Si remaining relatively immobile in the olivine lattice (e.g., Chakraborty, 1997; Mackwell, 1992) . Fe-oxides can be produced in a matter of hours by this mechanism, but its formation is highly localized at high-energy sites. No such association of oxides with grain boundaries was noted, so growth of magnetite by external oxidation of olivine during ascent is unlikely to be the source of magnetite in our samples. We also note that at high temperatures (900-1200°C), Fo 90 is stable at oxygen fugacities up to 4 log units above QFM (Nitsan, 1974) , so an entraining basaltic melt would need to be more oxidizing than QFM + 4 to produce magnetite and pyroxene from Fo 90 during xenolith ascent. Oxygen fugacities in MORB are typically much lower than this (Fig. 7) . Alternatively, an exsolution-like breakdown of olivine can take place to produce magnetite and pyroxene, which often results in symplectic intergrowths (Moseley, 1984) . This occurs without the addition of oxygen, although the reaction can be accompanied by a transformation of Fe 2+ to Fe 3+ if diffusion of electrons and excess Fe 2+ out of the grain also occurs (Ashworth and Chambers, 2000) . This type of reaction requires a small amount of lattice reorganization and short-range diffusion of Si away from the area occupied by the magnetite (Moseley, 1984) . Measurements of Si diffusivity in olivine under hydrous conditions by Costa and Chakraborty (2008) indicate that the characteristic length scale of Si diffusion on the short time scales of xenolith ascent (Demouchy et al., 2006; Peslier et al., 2008 ) is too short to allow growth of the magnetite particles observed in our samples (Table 2) .
Reason 6. Magnetization processes of mantle xenoliths and implications for mantle magnetization

Weathering
This process is caused by meteoric fluids after eruption of the host magma. In this case, the Ti-poor magnetite commonly occurs with maghemite, hematite and goethite, a mineral assemblage characteristic of supergene alteration of peridotites that gives the rock an olive green to ochre color depending on the degree of weathering (e.g., Li et al., 2008; Luguet and Lorand, 1998) . Magnetically remanent phases formed after eruption often record slightly different magnetization directions (Fig. 6) , which can be used to distinguish them from phases formed through oxidation at higher temperature.
Interaction with volcanic fluids and melts during ascent
The transport of mantle xenoliths from the source region to the Earth's surface involves high-temperature interaction with volcanic fluids and melts. If the fO 2 of the melt is sufficiently high (e.g., FMQ, Magnetite-Wüstite), the formation of magnetite could be promoted. An example of lavas having oxidation states at magnetite-wüstite or higher is in Hawai'i (e.g., Rhodes and Vollinger, 2005) . There are also petrographic and mineralogic indicators of such xenolith-host melt interactions witnessed by the breakdown of pyroxene and spinel to form "spongy" rims ( Fig. 2a of Taylor and Neal, 1989 ; Fig. 2c of Kinman and Neal, 2006) . It should be noted that while all xenoliths experience heating by host magmas and decompression during their transport to the surface, only a few spinels display "spongy" rims. Some kimberlite xenoliths, equilibrated at 1300°C and transported from depths of 80-250 km almost instantaneously, show no spongy rims on clinopyroxene, orthopyroxene, spinel, or garnet. This means that the spongy rims are a result of pre-eruption mantle metasomatism, i.e., reaction with percolating melts and fluids, not decompression, nor reaction with host magmas. During this ascent, new magnetically remanent minerals such as magnetite, maghemite, or hematite may form.
Decompression during ascent
The change in pressure from mantle to crustal depths can promote back reactions between aluminous phases that are seen as slivers of pyroxene between garnet and spinel (occasionally amphibole if volatiles are available from the host magma). Such decompression would also lead to an increase in Fe 3+ from core to boundary in the spinel adjacent to secondary pyroxene/amphibole (e.g., Neal and Nixon, 1985; Neal et al., 2001) . Using the method of Quintiliani et al. (2006) the relative change in oxidation state can be estimated based upon Fe 3+ variability across Cr-spinel grains.
Oxidative metasomatism
The challenge is to prove that magnetite formed under mantle conditions (e.g., Hofer et al., 2009; Zhao et al., 1999) and that subsequent processes have preserved the mantle signature of this mineral. Only the topmost layer of the mantle (40-70 km depth range) in cratons and subduction zones can be magnetic considering their temperature range (Pollack and Chapman, 1977) . These rocks normally have FMQ of +1 to 0 (Creighton et al., 2010; Wood et al., 1990) , i.e., the mantle exists at oxidation states capable of stabilizing magnetite. It should be noted, however, that the magnesium-rich olivinemagnetite-quartz oxygen buffer (Clark, 1999) , which lies above FMQ, provides a more accurate representation of magnetite actual stability in the mantle. The oxygen fugacity conditions required for the stability of stoichiometric magnetite are generally not met in the pristine uppermost mantle. The presence of magnetite in the mantle, therefore, most likely requires metasomatism by oxidized fluids. The effects of such fluids can be demonstrated through careful microanalytical characterization of peridotite samples (e.g., Facer et al., 2009) .
Previous studies describe the eight suites of mantle xenoliths of Fig. 4 in detail: Bearpaw Mt. (Facer et al., 2009 ); San Carlos (Frey and Prinz, 1978; Irving, 1980) ; Knippa (Frey and Prinz, 1978; Raye et al., 2011; Young and Lee, 2009 ); Kilbourne Hole (Bussod and Williams, 1991; Dromgoole and Pasteris, 1987) ; Kamchatka Arc (Ionov, 2010; Ionov et al., 2011; Soustelle et al., 2010) ; Hawai'i Hot Spot (Sen and Jones, 1988) ; Massif Central (Alard et al., 2011; Lenoir et al., 2000) ; Siberian Craton Goncharov et al., 2012; Ionov et al., 2010) .
In each suite, the primary ferromagnesian minerals (olivine, orthopyroxene, clinopyroxene) consistently show limited core-to-rim chemical zonation. This lack of significant zonation indicates equilibration at high temperature and shows that the assemblages observed in the xenolith suites represent in-situ mantle conditions. Also, the short duration of ascent generally calculated for mantle xenoliths, combined with the large size of our xenoliths, reduces the chances for reequilibration of the xenolith with its host magma.
In the following we emphasize only the petrologic features specific to each suite. The Bearpaw Mountains xenoliths consist of phlogopite spinel dunite with olivine (N80%), enstatite (10-15%), phlogopite (5-10%), chrome spinel (1-2%), brown amphibole (1-2%) and antigorite (1-2%). In some specimens, olivine-olivine grain contacts display thin films of antigorite hosting small alignments of magnetite grains, whereas in other specimens, magnetite forms on the rim of chromite and in-between diopside grains (Friedman et al., 2014-this issue) . The San Carlos xenoliths correspond to Cr-rich diopside dunite in which magnetite inclusions up to 5 μm in length occur in some of the olivine porphyroclasts. The Knippa xenoliths are coarse grained, equigranular, fresh spinel lherzolite free of lizardite veins. Grain boundaries are straight and show well-developed triple boundaries, occasionally with spongy rims around clinopyroxenes. Magnetite has not been observed microscopically. The Kilbourne Hole xenoliths consist of Cr-diopside spinel lherzolites and spinel harzburgites with protogranular microstructures. Spongy rims around clinopyroxenes suggest reactions during ascent. Monosulfide solid solution (pyrrhotite) and other Cu-Ni-Fe sulfides such as chalcopyrite are relatively common in these peridotites. Magnetite was not observed in these xenoliths. In the Kamchatka xenoliths, spinel grains show an increase in Fe 3+ from core to rim, consistent with an increase in fO 2 due to exposure to late-stage, subduction-related fluids. The late-stage assemblage also contains amphibole indicating hydrous fluid compositions. In the Hawai'i xenoliths, the association of amphibole and magnetite inclusions suggests a hydrous alteration process.
In the Massif Central xenoliths, the presence of amphibole lamellae formed along crystallographic planes within the host diopside suggests the availability of H 2 O during reaction. In this case, the platelet and needle-shaped Cr-rich spinel inclusions formed as a result of solidstate reactions, while needle-shaped magnetite inclusions formed through fluid and/or melt infiltration at~600°C. Thus, the magnetite observed in this study must have formed between~350 and~600°C. In the Siberian xenoliths, magnetite was not observed in the very rare serpentinite veins.
Multi-stage magnetization history
The petrological evolution of mantle xenoliths outlined in the previous section corresponds to the following multi-stage magnetization history: (1) when the peridotite is formed at mantle depth, the mantle is above T c and therefore cannot carry a remanent magnetization; (2) as the mantle cools below T c over time, the peridotite acquires a thermoremanent magnetization (TRM 1 ); (3) leading up to a volcanic eruption, a hot melt comes from below, extracts the xenolith and transports it to the Earth's surface, at that point TRM 1 is completely erased because all melts (basaltic and kimberlitic) are at temperatures much higher than T c ; (4) after eruption, the xenolith cools down below T c and acquires a new thermoremanent magnetization TRM 2 ; (5) if the xenolith is chemically altered, then a chemical remanent magnetization (CRM 1 ) is superimposed and potentially modifies TRM 2 (CRM 1 is generally carried by hematite and goethite and displays a magnetization direction distinct from TRM 1 ). It should be noted that in principle, alteration or oxidation during ascent may affect the mineral assemblage but cannot impart a specific CRM because it would occur mainly above T c . Hence, specimens that have more than one directional component of magnetization are believed altered and will not be included in the magnetic database.
8. Reason 7. Oxygen fugacity and stability of magnetite in the uppermost mantle
The extent of induced and remanent magnetization in the mantle is intimately linked to the variation of fO 2 (e.g., Frost and Shive, 1989; Toft and Haggerty, 1988) . fO 2 in the lithospheric mantle was first assessed using the spinel-orthopyroxene-olivine oxybarometer on spinel peridotite xenoliths (e.g., Ballhaus et al., 1990 Ballhaus et al., , 1991 Mattioli and Wood, 1986; Wood, 1991) . Typically, fO 2 ranges from −2 to +1 relative to the fayalite-magnetite-quartz (FMQ) buffer, is heterogeneous, and tends to decrease with depth (Fig. 7) . The highest fO 2 values are measured in arc-related mantle. Within cratons, fO 2 is controlled by iron equilibria involving spinel and garnet (McCammon and Kopylova, 2004) . In some cratons, fO 2 increases with depth across the spinel to spinel-garnet transition, but generally remains above the stability field of native iron down to the bottom of the lithosphere (Woodland and Koch, 2003) . Hence any part of the mantle having fO 2 higher than the wüstite-magnetite (WM) buffer, could potentially host magnetite. Partial melting of the mantle redistributes Fe 3+ , producing reduced residues and oxidized magmas (e.g., Foley, 2011) . Lithospheric mantle fO 2 may vary with tectonic setting, and thus its magnetic mineralogy may not be as uniform as typically assumed. In rare instances, Fe-Ni metals and sulfides may contribute to the NRM of mantle rocks (e.g., Toft and Haggerty, 1988 Details on magnetic methods are given in the Appendix A. Each xenolith sample yielded two 10-mm cubic specimens for magnetic analyses.
Stepwise demagnetization of the natural remanent magnetization (NRM) was performed using alternating field up to 120 mT. The least altered specimens showed a single component of NRM and were kept for further tests. A few specimens' NRM demagnetization spectra displayed an additional high coercivity component, inferred to be carried by hematite, and were discarded because this mineral indicates that the specimen's original mineral assemblage was compromised by oxidation.
All mantle xenoliths show a relatively narrow range of magnetic susceptibilities and a broad range of NRM values ( Fig. 4 ; Supplementary Data). The magnetic susceptibilities fit a log normal distribution (Supplementary Data). Low-field magnetic susceptibility (K m ) is a proxy for the concentration and grain size of ferromagnetic minerals, and to a lesser degree, the concentration of paramagnetic minerals. The NRM intensity of mantle xenoliths varies broadly between 10 − 4 and 1 A/m, and is an expression of the abundance of single domain and pseudo-single domain sized grains in a specimen, as well as the strength of the Earth's magnetic field at the time the magnetization was acquired. The Koenigsberger ratio (Q n ) represents the ratio of natural remanent magnetization to the induced magnetization in the Earth's field: Q n = NRM/K m H, where K m is the magnetic susceptibility in SI units and H is the local geomagnetic field intensity (here 40 A/m). Values higher than 1 indicate that the specimen's remanent magnetization dominates the induced magnetization at ambient temperatures, while values less than 1 indicate that the specimen's induced magnetization is greater than the remanent magnetization. However, the measured remanent intensity at room temperature reflects the two-tothreefold increase in spontaneous magnetization of magnetite from the blocking temperature to room temperature, so the depth averaged in situ remanence at elevated temperatures (between the blocking temperature and the Curie point) is expected to be less than the measured NRM by a factor of 2-3 (Dunlop et al., 2010) . Thus the depth averaged in situ remanence at elevated temperatures (between the blocking temperature and the Curie point) should be less than the measured NRM by a factor of 2-3. On the other hand, there is some enhancement of the susceptibility carried by SD magnetite above the blocking temperature, up to a factor of~2 just below the Curie temperature. Dunlop et al. (2010) conclude that the expected Q values pertaining at elevated temperatures at depth range from~0.2-0.3 for MD grains and~1 for SD grains. Since the magnetic carrier in our xenolith samples is predominantly SD magnetite, the remanent and induced magnetizations at depth should be about equal. It is reasonable to assume that the remanence at depth is dominantly a viscous magnetization acquired during the Brunhes Chron, so the directions can be assumed to be consistent and approximately parallel to the induced magnetization, which means that the effect of remanence is to approximately double the magnetization that is calculated from measured susceptibilities.
Approximately one third of the xenoliths display Q n values N1, and if these specimens are representative of magnetic mineral assemblages in the lithospheric mantle, then these measurements suggest that the mantle's remanent magnetization may contribute to magnetic anomalies in low geotherm regions. Although there is a significant amount of overlap in the magnetic properties of xenoliths from different tectonic regions, we observe that, on average, specimens from the Siberian craton and Kamchatka island arc have higher NRM intensities than those from the Massif Central plume or the Hawai'i hot spot. Xenoliths from the subduction zone setting of the Kamchatka island arc have the highest Q n values and their remanent magnetizations may play a more important role than their induced magnetizations in long wavelength magnetic anomalies.
The saturation magnetization normalized to mass (M s ) constitutes a proxy for the concentration of ferromagnetic minerals in the xenoliths. The ratio of the coercivity of remanence (H cr ) to the bulk coercivity (H c ) is directly related to the median magnetic domain grain size of a specimen's ferromagnetic minerals. Although the values of magnetic hysteresis parameters significantly overlap between suites, they plot in different regions of the M s vs H cr /H c diagram (Ferré et al., 2013; Supplementary Data) . The magnetic properties of fresh mantle xenoliths vary with tectonic setting (Fig. 4 ; Table) and also suggest that in cold geotherm regions, the uppermost mantle may contribute to LWMA anomalies (Fig. 8) .
Conclusion
The view that "the upper mantle is universally non-magnetic because it lacks ferromagnetic minerals and would be too hot to carry a magnetic remanence" (Wasilewski and Mayhew, 1992; Wasilewski et al., 1979) has been challenged by new data on mantle xenoliths (Ferré et al., 2013) . Until now, the source of LWMA was assumed to reside only in the lower crust. Evidence suggesting that the upper mantle may also contribute to magnetic anomalies is growing. Without additional information about magnetization of the mantle, differentiating these contributions from satellite or airborne data alone will remain difficult, even with spectral methods (e.g., Ravat et al., 2007) . While deep crustal sources are currently examined, it is also crucial to re-evaluate the potential contribution of mantle rocks in various tectonic settings. We also believe that the non-magnetic mantle idea should be revisited because the forthcoming Swarm mission, to be launched in the Fall of 2013, will provide an unprecedented resolution of the lithospheric magnetic field. We gratefully acknowledge the Guest Editor, Michael Purucker, and to the two reviewers, David Clark and Anonymous, for their insightful suggestions that help clarifying our views.
Appendix A
Magnetic measurements
Unoriented specimens were cut into 10 mm cubes using nonmagnetic, diamond-impregnated blades from the center of xenoliths. Only specimens with one NRM component were included in Fig. 1 . Two cubes were prepared from each specimen, and all specimens are free of basaltic glass. Low-field, room temperature, magnetic susceptibility was measured using a Kappabridge KLY-4S susceptometer at 875 Hz, 300 A/m; hysteresis properties were measured on a Princeton Measurements VSM 3900-04 at the Magnetic Laboratory at Southern Illinois University, Carbondale. NRMs were measured at the Institute for Rock Magnetism at the University of Minnesota, and at the paleomagnetic laboratories of the University of Madrid and the University of Burgos, using 2G Enterprises 760R and 755-1.65 three axis DC superconducting rock magnetometers respectively. Each sample was progressively AF demagnetized up to 170 mT.
Secondary electron microscopy
Samples were examined at the University of Minnesota's Characterization Facility using a thermally-assisted field emission gun JEOL 6500 scanning electron microscope outfitted with a Centaurus detector for backscattered imaging. Prior to imaging each sample was coated with a 50 Å thick layer of amorphous carbon to prevent charging. Samples were examined using an accelerating voltage of 15 kV and a working distance of 10.0 μm. Spot energy dispersive spectroscopy measurements and elemental line traverses were collected using a Thermo-Noran Vantage System. The diameter of the interaction volume for elemental measurements was 2.5 μm in silicate minerals and 2.0 μm in oxide and sulfide minerals. Matrix correction coefficients (Z, A, and F) were calculated using the Phi(Rho*z) method. X-ray spectra were collected using counting times of 60 s and a probe current of 100 nA.
Appendix B. Supplementary data
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.tecto.2014.01.004.
